Objective: Inherited prion diseases are progressive neurodegenerative conditions, characterized by cerebral spongiosis, gliosis, and neuronal loss, caused by mutations within the prion protein (PRNP) gene. We wished to assess the potential of diffusion-weighted MRI as a biomarker of disease severity in inherited prion diseases.
Human prion diseases are a group of progressive neurodegenerative and invariably fatal disorders characterized by accumulation of aggregates of an abnormally folded, protease-resistant, beta-sheet rich isoform of a normal cellular protein, the prion protein (PrP c ), designated PrP Sc . Deposition of PrP Sc in the form of diffuse deposits or plaques of various morphologies is accompanied by the classic histologic triad of spongiosis, gliosis, and neuronal loss. 1 Most cases occur sporadically but inherited, iatrogenic, and dietary transmission can occur. There has been increased interest in these conditions in recent years with the discovery of variant Creutzfeldt-Jakob disease (vCJD), since research, including laboratory transmission studies in mice, have shown that vCJD is caused by the same prion strain as that causing bovine spongiform encephalopathy (BSE). 2 With recent reports of bloodborne transmission, 3 the diseases remain an important public health issue and attention is currently focused on the development of therapeutic agents. There is therefore an increasing need to complement clinical outcome markers with objective and quantifiable noninvasive measures.
Apparent diffusion coefficient (ADC) measurements obtained by MRI provide quantitative estimates of regional and whole brain water mean diffusivity and may provide objective noninvasive markers for early diagnosis, disease progression, or monitoring the effects of therapeutic intervention. Although diffusion-weighted imaging (DWI) has emerged as a sensitive diagnostic technique in cases of sporadic CJD (sCJD), [4] [5] [6] few studies have quantified cerebral ADC in the various forms of human prion disease, 7, 8 with even fewer addressing cerebral ADC in inherited prion diseases. [9] [10] [11] In the present study, we measured regional and whole brain cerebral ADCs in patients with inherited prion diseases, and healthy control subjects for comparison. By correlating ADC measures with clinical scores, we aimed to find MRI indices of disease severity as potential objective biomarkers of disease activity.
METHODS Standard protocol approvals, registrations, and patient consent. All patients were recruited into the MRC Prion-1 trial (ISRCTN06722585). 12 Approval for the study was received by the Eastern Multicenter Research Ethics Committee, a regional ethical standard committee on human experimentation using human subjects. Written consent was obtained for all subjects or their guardians.
Patients.
Twenty-five patients with inherited prion diseases (13 female, 12 male, mean age 45.2 years, range 32-58 years) referred to the National Prion Clinic, National Hospital for Neurology and Neurosurgery, London, UK, were included in this study. Seven healthy volunteers were also recruited (4 female, 3 male; mean age 54.1 years; range 42-61 years) with no personal or family history of neurologic disorders and gave informed consent.
Patients were subject to a structured neurologic examination at the time of the MRI acquisitions by a qualified neurologist blinded to the MRI findings, and the following scores calculated: Mini-Mental State Examination (MMSE), 13 Clinician's Dementia Rating Scale (CDR), 14 Rankin disability scale, 15 Alzheimer's Disease Assessment Scale-Cognitive subscale (ADAS-Cog), 16 Barthel Activities of Daily Living scale (ADL), 17 Clinician's Global Impression of Disease Severity (CGIS), 18 and Brief Psychiatric Rating Scale (BPRS). 19 Fourteen patients were taking a standard clinical dose of quinacrine 300 mg once daily as part of the MRC Prion-1 Trial. FLAIR, and DWI images were reviewed independently by 2 consultant neuroradiologists. Pathologic signal changes were assessed in the caudate, putamen, and thalamus and in the cortex of the frontal, parietal, temporal, and occipital lobes. Where a discrepancy was identified, the images were re-reviewed in a consensus reading and a kappa statistic calculated to assess the level of agreement.
Quantitative MRI. Postprocessing was performed at a dedicated workstation (Sun Microsystems, Mountain View, CA) by a single neuroradiologist blinded to the clinical and genetic data. Using commercially available software (Jim Version 4.0; Xinapse Systems Ltd., Thorpe Waterville, UK), pixel-by-pixel ADC maps were generated from b ϭ 0 and b ϭ 1,000 s/mm 2 images using the Stejskal Tanner equation 20 for ADC calculation. Following automatic segmentation of brain from nonbrain tissue using the brain extraction tool (BET), a part of the FSL 3.2 software, 21 FAST segmentation was applied to the b ϭ 0 images to classify each pixel as white matter (WM), gray matter (GM), or CSF. A mask was generated with each intracranial pixel classified as either GM or CSF and used to extract the appropriate pixels from the ADC map to create GM and whole brain (WB) ADC maps. To minimize contamination from CSF, a single morphologic erosion operation with a 3 ϫ 3 pixel structuring element was applied to both the WB and GM ADC masks. The GM segment was too thin to support more than one erosion.
Normalized volumes of the entire brain parenchyma (NBV) were estimated from the T1-weighted volumetric image data using the SIENAX software, 22 provided by FSL 3.2. Following extraction of separate brain and skull images from the single whole-head input data, the brain image is affine-registered to MNI152 space. 23 Tissue-type segmentation with partial volume estimation is carried out 24 in order to calculate NBV.
Histogram analysis. A histogram generation algorithm was
implemented to calculate the ADC frequency distribution for each segmented tissue fraction using 3 ϫ 10 Ϫ5 mm 2 /s bin widths. To adjust for intersubject variability in specific tissue volumes, the ADC histograms were normalized by dividing the number of counts in each sample bin by the total number of pixels for the respective tissue type. From each normalized histogram, the peak height (PH), peak location (PL), mean ADC, and ADC value of the 25th (p25), 50th (p50), and 75th (p75) percentiles were calculated (see figure 1A for examples of WB and GM ADC normalized histograms).
Region of interest analysis. The mean ADCs in the head of the caudate nucleus, putamen, and pulvinar were determined bilaterally by manually drawing around each region on the axial b0 image at the level of the genu of the internal capsule using the DispImage software. 25 The regions of interest (ROIs), ranging in size from 40 -70 mm 2 , were transferred to the inherently coregistered ADC map (figure 2) and mean ADC recorded. To assess intraobserver variability, the ROI analysis in all 6 regions was repeated for 4 patient datasets in 2 sessions separated by 10 days. Bland-Altman analysis demonstrated a mean difference of Ϫ5.1 mm 2 /s (95% confidence interval [CI] ϭ Ϫ13.75 to 3.55), p ϭ 0.235. To assess interobserver variability, a second observer placed ROIs on the same 4 patients with a mean difference of 3.81 mm 2 /s (95% CI ϭ Ϫ5.47 to 13.08), p ϭ 0.40.
Statistical analysis. Age effects on ADC measures and NBV.
A preliminary Spearman rank bivariate correlation analysis across all the subjects (patients and controls) was performed considering age and disease duration vs NBV and all ADC measures, comprising for the ROIs: mean right head of caudate (RC) ADC, mean left head of caudate (LC) ADC, mean right putamen (RP) ADC, mean left putamen (LP) ADC, mean right pulvinar (RPu) ADC, mean left pulvinar (LPu) ADC; and for the WB and GM histograms: the PH, PL, mean ADC, p25, p50, and p75.
Comparison of ADC measures between control and patient groups. Differences in ADC measures among controls, asymptomatic gene-positive subjects, and symptomatic subjects was performed using a Kruskal-Wallis analysis. Patients were considered symptomatic if they or a close informant had clinical and neuropsychiatric symptoms and asymptomatic if they or a close informant did not report any clinical or neuropsychiatric symptoms and a clinician thought that they were not affected on the basis of the clinical examination. Differences in ADC measures between the patients taking quinacrine and those not taking quinacrine were assessed using the Mann-Whitney U test.
Relationships between MRI measures and disease severity. The relationship between MRI measures and clinical scores was assessed across the whole patient group (symptomatic and asymptomatic subjects) initially with Spearman rank correlation. To account for multiple comparisons of related variables, the significance value was set at p Ͻ 0.01 for each test. Standard normal linear regression models were then fitted with outcome the baseline clinical score, considering WB, GM, RC, LC, RP, LP, RPu, and LPu mean ADC, NBV, and age one at a time in a univariate analysis. Finally, a stepwise multivariate regression procedure was performed with each clinical score as the dependent variable and each of the MRI variables as the independent predictors. The aim of this model was to identify which of the baseline factors were independent predictors of baseline clinical score as opposed to potential confounders. All of the predictor variables were rank transformed to avoid violations of the assumption of a linear relationship. RESULTS Clinical findings. PRNP genotyping revealed the following mutations in the patient group: 6 octapeptide repeat insertions (OPRI), n ϭ 9; P102L, n ϭ 7; D178N, n ϭ 2; 5OPRI, n ϭ 2; A117V, n ϭ 2; Q212P, n ϭ 1; E200K, n ϭ 1; Y163X, n ϭ 1. Nineteen of the patients were symptomatic at baseline with mean disease duration of 43.94 months (range 3-138 months). Six patients were gene positive but asymptomatic.
Conventional MRI appearances. On initial assessment, there were discrepancies in 2 patients where DWI signal hyperintensity in the frontal cortex was noted in 1 patient and FLAIR signal hyperintensity in the perihabenular region noted in another patient (kappa score 0.835). On consensus review of these cases, no evidence of pathologic signal change was demonstrated.
Age effects on ADC indices and NBV.
There was no significant correlation between age or disease duration (for symptomatic patients only) and any of the MRI variables.
Comparison of ADC measures between controls and patient groups. Mean age and MMSE were higher in the healthy control subjects than the symptomatic patients. For the WB and GM tissue fractions, the ADC histograms were shifted toward higher values in the symptomatic patient group compared to the healthy control subjects ( figure 1, A and B) . The strongest differences between groups were for the WB mean ADC ( p ϭ 0.006), WB median ADC ( p ϭ 0.008), and GM mean ADC ( p ϭ 0.024). No significant differences in any MRI measures comparing controls and asymptomatic patients were detected (table) . Bilateral ROI ADCs were considered separately since a Wilcoxon test revealed a significant right ROI vs left ROI difference for the putamen ( p ϭ 0.002) and pulvinar ( p ϭ 0.009) ROIs in the patient group. Comparison of age, NBV, and ADC metrics between patients taking quinacrine and those not taking quinacrine revealed no significant differences in any of the measures.
Relationships between MRI measures and disease se-
verity. We found a number of significant associations suggesting that ADC increases and NBV decreases with worsening disease severity. The strongest associations were between GM mean ADC and MMSE ( p Ͻ 0.0001) ( figure 3A) , ADAS-Cog ( p Ͻ 0.0001) (figure 3B), CDR ( p Ͻ 0.0001) (figure 3C), and CGIS ( p Ͻ 0.0001) ( figure 3D ). WB mean ADC correlated with MMSE ( p ϭ 0.006; figure 3E ) and less strongly with ADAS-Cog and CDR. NBV was strongly associated with MMSE ( p ϭ 0.001) ( figure   3F ) and CDR ( p ϭ 0.001). For the ROI analysis, mean ADCs also increased with disease severity (figure 4) . The strongest associations were between RPu mean ADC and ADAS-Cog ( p Ͻ 0.0001), MMSE ( p ϭ 0.001), and CGIS ( p ϭ 0.001), and LPu mean ADC with CGIS ( p ϭ 0.003).
Figure 3 Significant correlations between MRI histogram measures and clinical scores
Scatterplots of (A) gray matter mean apparent diffusion coefficient (ADC) and Mini-Mental State Examination (MMSE), (B) gray matter mean ADC and Alzheimer's Disease Assessment Scale-Cognitive subscale (ADAS-Cog), (C) gray matter mean ADC and Clinician's Dementia Rating Scale (CDR), (D) gray matter mean ADC and Clinician's Global Impression of Disease (CGIS), (E) whole brain mean ADC and MMSE, (F) normalized brain volume and MMSE.
Using the stepwise multivariate regression procedure with each clinical score as the dependent variable and each of the MRI variables that correlated significantly in the univariate analysis (including NBV) as the independent predictors, GM mean ADC was an independent predictor of CDR ( p ϭ 0.001), Rankin score ( p ϭ 0.02), and Barthel ADL score ( p ϭ 0.009). Right pulvinar mean ADC was an independent predictor of ADAS-Cog ( p ϭ 0.001) and CGIS ( p ϭ 0.001). For MMSE, GM mean ADC was the final factor in the model but failed to reach significance ( p ϭ 0.074).
DISCUSSION
This study quantifies cerebral ADC in a cohort of patients with inherited prion diseases. We have demonstrated significantly higher WB and GM mean ADCs in a symptomatic patient population compared to a healthy control group. ADC measures from both the WB and GM tissue fractions and pulvinar ROIs increased with disease severity while brain volume decreased with disease severity. Although we cannot generalize to inherited prion diseases as a whole, our results suggest that tissue damage in patients with inherited prion diseases with this subset of mutations is associated with increased diffusivity in the WB, GM, and pulvinar.
Our observations of elevated ADC are surprising when compared to generally reported findings in this disease but are in accordance with reports in other neurodegenerative diseases. Most of the studies that have quantified cerebral ADC in prion diseases have been performed in sCJD or in the E200K mutation, which is histopathologically most similar to the MM subtype of sCJD, 26 and have shown decreased cerebral ADC measurements in the basal ganglia, 27, 28 thought to correspond to spongiform degeneration. 29 However, in one study, of 4 symptomatic patients with the E200K mutation, although mean ADC was lower in the putamen and caudate compared to controls, 9 ADC was increased in multiple cortical and cerebellar regions. In a second study, increased ADC values were noted in the thalamus, in a patient with the D178N mutation, corresponding to increased thalamic gliosis on pathologic examination. 10 Elevated ADC in the pulvinar has been noted in vCJD, also corresponding to gliosis on pathologic examination, 30 and a study investigating longitudinal ADC changes in sCJD found elevation of ADC in the thalamus over time. 30 The hallmark of all forms of inherited prion diseases is spongiform degeneration of neurons and their processes, neuronal loss, and intense reactive astrocytosis. 31 The histopathology is known to change with disease progression such that complete loss of neurons in the terminal stages of disease leads to a reduction in spongiosis due to loss of the cells exhibiting vacuoles. 32 Our findings of increased ADC measurements with disease severity may reflect these histopathologic changes at the terminal stages of the disease: a combination of decreased spongiosis, increased neuronal loss, and increased gliosis. Another possibility is that with increased disease severity, status spongiosis may occur, where small vacuoles coalesce to form larger vacuoles, leading to increased diffusion. The stronger association of the gray matter ADC measures with disease severity reflects the known diffuse nature and GM anatomic distribution of histopathologic changes. 31 Our findings are in accordance with those seen in other neurodegenerative disorders, where WB or re- gional ADC values are usually increased in association with clinical or subclinical disease, consistent with our findings. WB and caudate ADCs in patients with Huntingdon disease are increased and rise with disease progression 33 and in patients with amnestic mild cognitive impairment or Alzheimer disease WB and hippocampal ADCs have been shown to be higher than in controls. 34, 35 This increase in diffusivity is thought to be associated with loss of neuron cell bodies, synapses, and dendrites, which cause an expansion of the extracellular space where water diffusivity is fastest. 36 The decrease in NBV and disease severity supports the observation that progressive cerebral atrophy is a feature of inherited prion diseases. 37, 38 It is known that partial volume edge effects can influence segmented brain tissue fraction diffusion histogram measures, 39 and it is a concern that cerebral atrophy may modulate this effect. This might indirectly contribute to the observed increase in WB and tissue fraction ADC with disease severity. We attempted to minimize partial volume effects in this study by applying a single morphologic erosion operation to both the WB and GM ADC masks. Since in the univariate analysis, the GM ADC measures provided stronger correlations with clinical scores than NBV, and because the stepwise multivariate analysis suggested that NBV did not contribute additional predictive power to the linear model, we believe that cerebral ADC, and in particular GM ADC histogram metrics, provide a highly sensitive index of pathology in inherited prion diseases, essentially independent of, although possibly complementary to, quantifiable changes in brain volume.
The relatively small number of controls with a slightly higher mean age than that of our patient group is a limitation of our study. However, even considering the expected increase in regional and whole brain ADC with age, we were still able to find significant differences between symptomatic patients and controls, although any small increases in diffusivity in our asymptomatic gene-positive group may have been masked.
It is also possible that the changes in ADC observed were influenced to an unknown extent by the effects of the drug quinacrine. Since we have recently shown that quinacrine does not significantly affect mortality in prion diseases 12 and we saw no significant differences in ADC measures between patients taking quinacrine and those not taking quinacrine, it is unlikely that taking quinacrine is a confound at the level of sensitivity of our study. Future longitudinal studies in a larger cohort of affected patients not undergoing treatment will be required to confirm the sensitivity of cerebral ADC changes specifically to the prion disease process.
Conventional MRI findings in inherited prion diseases report cortical atrophy, cerebellar atrophy, or increased T2 signal in the basal ganglia. 32, 36 In the EUROCJD experience with data on 23 specified PRNP mutations, conventional MRI scans were only positive in 50% of E200K mutations, 30% of Gerstmann-Sträussler-Scheinker syndrome, and 18% of fatal familial insomniacases, 40 although few FLAIR and DWI sequences were used. In our study, conventional MRI, including visual assessment of DWI, was relatively insensitive to cerebral pathology in these patients. Despite this, we have shown that quantification of cerebral ADC provides both regional and global measures that correlate with clinical neurologic status and may therefore be useful markers in future therapeutic trials in patients with inherited prion diseases.
